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Reprogramming of somatic cells to a pluripotent
state via expression of Oct4, Klf4, Myc, and Sox2 is
a multistep process involving phased changes in
gene expression. Here, we focus on the later stages
of reprogramming, termed maturation and stabiliza-
tion. We show that the stabilization phase and the
acquisition of pluripotency are dependent on the
removal of transgene expression late in the matura-
tion phase. Clonal analysis of cells undergoing
reprogramming revealed subsets of stabilization-
competent (SC) and stabilization-incompetent (SI)
cells. SC clones acquire a competency gene-expres-
sion signature late in the maturation phase. Func-
tional analysis of SC signature genes identified
enhancers of the transition to the stabilization phase
and a distinct subset of genes required for the main-
tenance of pluripotency. Thus, the acquisition and
maintenance of pluripotency are regulated by
distinct molecular networks, and a specific regula-
tory program not previously implicated in reprogram-
ming is required for the transition to transgene
independence.
INTRODUCTION
Induced pluripotent stem cells (iPSCs) were first generated by
ectopic expression of the transcription factors Oct4, Klf4, Myc,
and Sox2 (Takahashi and Yamanaka, 2006). iPSCs are pluripo-
tent, self-renewing, and differentiate to lineages from all three
germ layers, thus providing a valuable tool for studying develop-
ment and disease. Patient-derived iPSCs have the potential to
provide important clinical tools for managing degenerative
diseases and repairing genetic defects. However, the efficiency
of reprogramming and iPSCs’ safety remain considerable
hurdles to overcome. Therefore, understanding the mechanisms
underlying transcription-factor-driven reprogramming is critical
for enhancing both the efficiency of iPSCs and their safety forCellusage in a clinical setting (Yamanaka, 2012). Early studies estab-
lished key events associated with reprogramming, such as
sequential downregulation of the Thy1 fibroblast gene, followed
by expression of embryonic stem cell (ESC) markers, alkaline
phosphatase (AP), stage-specific embryonic antigen 1
(SSEA1), and, later, activation of key regulators of pluripotency,
endogenous Oct4 and Nanog (Brambrink et al., 2008; Stadtfeld
et al., 2008). Moreover, expression of Nanog has been linked
to defining the transgene-independent pluripotent iPSC state
(Hanna et al., 2009; Silva et al., 2009). In addition, the contribu-
tion of individual reprogramming factors Oct4, Klf4, Myc, and
Sox2 (OKMS) has been characterized and has shown that Myc
is important for the loss of the somatic expression program,
whereas Oct4, Klf4, and Sox2 (OKS) induce the expression of
pluripotency-associated genes (Sridharan et al., 2009).
The more recent development of highly efficient and less
heterogeneous mouse secondary reprogramming systems has
further enabled dissection of the molecular mechanisms under-
lying reprogramming. In secondary systems, primary iPSCs are
first generated using drug-inducible reprogramming-factor
transgenes. These primary iPSCs are then differentiated either
in vivo, via the generation of chimeric mice, or in vitro, via the
differentiation of primary iPSCs (Maherali et al., 2008; Woltjen
et al., 2009). Efficient reprogramming can then be achieved by
transgene induction using drugs such as doxycycline (Dox),
which also allows for precise temporal control of transgene
expression. Indeed, our microarray-based profiling of such
a secondary mouse embryonic fibroblast (MEF) reprogramming
system revealed three distinct phases of gene expression,
termed initiation, maturation, and stabilization (Samavarchi-Teh-
rani et al., 2010). The initiation phase was characterized by an
immediate mesenchymal-to-epithelial transition (MET) that was
driven by bone morphogenetic protein (BMP) signaling and the
induction of microRNA (miRNA)-200 family members (Chen
et al., 2011; Li et al., 2010; Samavarchi-Tehrani et al., 2010).
Interestingly, MET induced by miRNA expression was subse-
quently employed for enhancing human reprogramming (Subra-
manyam et al., 2011), indicating that mechanistic insight gained
from the analysis of MEF reprogramming has practical applica-
tions to the human reprogramming system. Subsequent to the
initiation phase, the maturation phase of reprogramming was
characterized by the onset of the expression of pluripotencyStem Cell 11, 769–782, December 7, 2012 ª2012 Elsevier Inc. 769
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Figure 1. OKMS Transgenes Suppress the Stabilization Phase
(A) Expression of stabilization-phase genes (SPGs) is inversely correlated with transgene expression. mRNA fromR1 ESCs, secondary (2) iPSCs, and secondary
MEFs treated with Dox as indicated was isolated, and expression of the selected maturation-phase genes and SPGs as well as the OKMS transgenes was
assessed by RT-qPCR. Secondary iPSCs were obtained after 6 days of Dox withdrawal from cells cultured 24 days prior in the presence of Dox. qPCR data are
presented as a color log scale from blue (0%) to yellow (100% of maximal expression), as shown in the legend.
(B) Transgenes suppress expression of pluripotency-associated SPGs. mRNA from secondary MEFs cultured as indicated (top panel) was analyzed for the
indicated SPGs and piggyBac transgene (-PB) expression. Expression levels at d20 (top panel) and d25 (bottom panel) are shown for mESC (triangle) and
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Late Regulators of Successful Reprogramminggenes, in particular endogenous Oct4, Nanog, and Sall4. Impor-
tantly, only a subset of pluripotency genes was associated with
the maturation phase. Acquisition of the final pluripotent iPSC
state required a late stabilization phase marked by the expres-
sion of the rest of the pluripotency markers, such as Utf1,
Lin28a, Dppa2, and Dppa4. However, there are many questions
that remain unanswered regarding regulatory mechanisms
controlling reprogramming, especially regarding the sequence
of events taking place late in the process (David et al., 2011).
To explore the later phases of reprogramming, we employed
the secondary piggyBac reprogramming system, in which
OKMS transgenes are under the control of a Dox-inducible
promoter. We show that the transition from maturation to stabi-
lization phase and the iPSC state require transgene repression.
We demonstrate that not all clones are competent for transit
from maturation to stabilization phase because of a temporal
requirement for the acquisition of stabilization competency.
Comparison of gene-expression profiles in stabilization-compe-
tent (SC) versus stabilization-incompetent (SI) clones through
quantitative PCR (qPCR) and RNA sequencing (RNA-seq) further
reveals a signature associated with competency. Interestingly,
the pluripotency-associated maturation-phase genes, endoge-
nous Oct4, Sall4, and Nanog, are all poor predictors of compe-
tency. By implementing a focused RNAi screen of genes in the
stabilization signature, we defined molecular pathways impor-
tant for the final transition to the pluripotent state. Surprisingly,
very few pluripotency regulators played a role in the matura-
tion-to-stabilization transition screen when compared to
a parallel screen to identify regulators of pluripotency mainte-
nance in iPSCs. This study defines regulators of the transition
from maturation to stabilization phase that are distinct from
those that control pluripotency and serves to illustrate the
sequence of molecular events important across reprogramming.
RESULTS
OKMS Transgenes Suppress the Stabilization Phase
Wepreviously profiled gene expression throughout the course of
secondary MEF reprogramming in which OKMS are under the
control of the Dox-inducible TetO promoter. This revealed
distinct phases of gene expression that included an early initia-
tion phase characterized by a BMP-dependent MET that is
required for transition to thematuration phase (Samavarchi-Teh-
rani et al., 2010). To better understand the later phases of reprog-
ramming, we characterized by qPCR the expression pattern of
a panel of pluripotency genes in secondary MEFs treated with
Dox for 2–30 days, their pluripotent iPSC derivatives, and R1
ESCs. Similarly to our previous microarray analysis, the matura-
tion phase was characterized by expression of only a subset ofreprogramming cells cultured in the absence (open circle) or presence (filled circ
longed culture in Dox (green dotted line), but are upregulated by removal of Dox
(C) Appearance of Dppa4-positive cells in reprogramming cells upon loss of trans
split into parallel cultures in the presence or absence of Dox for an additional 3 or 8
by flow cytometry. Two-dimensional plots of side-scatter (SSC) versus Dppa4 int
100% (legend). The percentage of Dppa4-positive cells is indicated.
(D) Loss of transgene expression leads to the appearance of Dppa4-positive colon
and cultures were continued in the presence or absence of Dox for 2 more days. C
counterstained, as indicated. Note that colonies are Nanog+/Dppa4 in the presen
27mm. See also Figure S1.
Cellpluripotency factors, in particular Nanog, a key gateway to plu-
ripotency (Figure 1A; maturation genes) (Silva et al., 2009).
Importantly, the maturation phase was followed by transition to
the stabilization phase, wherein the full panoply of pluripotency
factors was expressed. This includes endogenous Sox2 and is
consistent with the sequence of reprogramming events
observed in other systems (Buganim et al., 2012). The transition
to the stabilization phase was evident upon removal of Dox and
the formation of iPSCs (Figure 1A; stabilization genes). These
results suggest there are key regulatory events downstream of
Nanog expression, which are required for the completion of
reprogramming.
Transgene silencing during reprogramming has been recog-
nized as a key event for achieving pluripotency (Okita et al.,
2007). Analysis of OKMS transgene expression during reprog-
ramming revealed that all four were expressed at significantly
higher levels during Dox stimulation compared to levels in iPSCs
and ESCs, raising the possibility that they might suppress the
stabilization phase (Figure S1A available online). Therefore, we
considered whether establishment of the stabilization phase
correlates with transgene silencing. Consistent with this notion,
analysis of transgene expression using transgene-specific
qPCR primers showed a strong inverse correlation with pluripo-
tency-associated stabilization-phase genes (SPGs) (Figure 1A;
transgenes). To test whether turning off transgenes promoted re-
programming, we next cultured reprogramming secondary
MEFs in Dox until day 17 (d17), then continued parallel cultures
in the presence or absence of Dox for 3 or 8 days (Figure 1B)
and assessed expression of pluripotency-associated SPGs
and the OKMS transgenes. Indeed, the SPGs, such as Dnmt3l,
Dppa family members, Lin28, Pecam, endogenous Sox2, and
Utf1, were rapidly induced 3 days after Doxwithdrawal, concom-
itant with downregulation of transgene expression, and re-
mained at high levels at d8. In contrast, with Dox treatment,
and thus maintenance of transgene expression, all of the plurip-
otency-associated SPGs failed to be upregulated, even after
8 days of culture (Figure 1B). We also examined this via flow cy-
tometry analysis of Dppa4 expression and observed that only
2% of the population was Dppa4-positive, even after 25 days
in Dox (Figure 1C). In sharp contrast, approximately 18% of
the cells were Dppa4-positive after 3 days of Dox withdrawal,
and by 8 days, almost the entire population was Dppa4 positive,
mimicking the iPSC population. Next, we assessed Nanog,
Dppa4, and Pecam expression in reprogramming colonies via
immunofluorescence (Figures 1D and S1B). Consistent with
Nanog expression during the maturation phase, we observed
that all reprogramming colonies were Nanog positive but
Dppa4 or Pecam negative in the presence of transgenes.
However, upon the loss of transgene expression, colonies inle) of Dox. Note that SPGs continue to display reduced expression after pro-
(red dotted line) to levels comparable to R1 ESCs (black dotted line).
gene expression. Secondary MEFs were cultured in Dox for 17 days and then
days. These cells and control iPSCs were then stained for Dppa4 and analyzed
ensity are shown with a color scale displaying the density of events from 0% to
ies. SecondaryMEFs cultured for 20 days in Doxwere split into parallel cultures
ontrol iPSCs cultures were stained for Nanog and Dppa4, and their nuclei were
ce of Dox but Nanog+/Dppa4+ in the absence of Dox. The scale bar represents
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Figure 2. Successful Transition of Reprogramming Cells to Stabilization Requires Late Maturation Phase
(A and B) Increased time of transgene expression enhances transition upon transgene repression. Secondary MEFs cultured as indicated in the schematics were
stained for AP and DAPI and then imaged by fluorescence microscopy (A) or scanned with a Celigo high-content microscope to quantify AP-positive areas (B).
Fix, fixation.
(C–E) Schematic and quantification of clonal reprogramming. As indicated in the schematic (C), secondaryMEFs were seeded as single cells in individual wells of
a 96-well plate and cultured clonally in the presence of Dox for 14 or 21 days. Dox withdrawal at d14 resulted in no Dox-independent colonies. Certain clones then
acquired competency to respond to Dox withdrawal (SC clones), whereas others remained incompetent (SI). In (D), AP-positive colony formation in response to
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peared rapidly, similarly to colonies in iPSC and mouse ESC
(mESC) cultures. These results indicate that transgenes may
suppress the pluripotent state by suppressing the stabilization
phase.
Competency to Respond to Transgene Withdrawal Is
Acquired during the Maturation Phase
We next wanted to explore whether the time in maturation phase
was important for allowing successful transition into the stabili-
zation phase and reprogramming. Indeed, we previously showed
that as early as d9, reprogrammed colonies arise upon Dox with-
drawal but are very rare events (Samavarchi-Tehrani et al., 2010).
To explore this further, in secondaryMEF populations, we turned
off transgene expression at days 18, 20, 22, and 23 and then
examined the appearance of Dox-independent colonies via AP
staining 2 days after withdrawal. In the presence of Dox, abun-
dant AP-positive colonies were apparent at all the time points,
similar to our analysis of Nanog-positive colonies (Figures 1D
and S2). However, upon removal of Dox at d18, colonies rapidly
collapsed and there was considerable cell death, with very few
AP-positive colonies present after 2 days. This indicates that
reprogramming cells become dependent on transgenes during
maturation for survival and growth. In contrast, when Dox was
withdrawn at d23, many AP-positive colonies were present
(Figure 2A). We quantified AP-positive colonies that arose
upon loss of transgene expression using automated imaging
and a colony mask. This showed a linear increase with time in
the formation of AP-positive colonies upon Dox withdrawal (Fig-
ure 2B). We next analyzed Nanog, a later marker of reprogram-
ming, in cells cultured for 20, 22, and 24 days prior to continued
culture for 2 days with or without Dox (Figure S2A). Nanog
expression was visualized via immunofluorescence, which
showed that cells in the reprogramming colonies stained positive
for Nanog (Figure S2B) both in the absence and presence of Dox
(Figure S2C), in line with our finding that Nanog is a maturation
marker. Furthermore, Nanog quantification revealed similar
colony areas as AP-stained samples in all conditions and at all
time points (Figure S2D). Consistent with previous studies
(Hanna et al., 2009), there is thus a temporal requirement for
transgene expression in order for cells to attain the competency
to successfully reprogram upon the removal of transgene
expression.
Clonal Acquisition of Reprogramming Competency
Only 17% Dppa4-positive cells were observed when d17 Dox-
treated reprogramming cells were withdrawn from Dox for
3 days (Figure 1C). Interestingly, the Dppa4-positive cells reside
in colonies in which all the cells are positive (Figure 1D). Further-
more, MEFs require a minimal reprogramming time to become
transgene independent (Figure 2A). These results suggest the
possibility that at a certain time in reprogramming, only a subsetDox withdrawal (i.e., transgene repression) was quantified for four SC and four S
Representative AP- and DAPI-stained images of the SC and SI clones in the pre
(F) Average expression levels of Nanog, endogenous Oct4, and Sall4 in the four
conditions was isolated at the specified times. Expression of the indicated genes
R1 ESC are shown as controls. Error bars represent the SD; a t test was perform
p < 0.05. See also Figures S2 and S3.
Cellof cells in the population gain competency to enter the stabiliza-
tion phase upon transgene removal. Therefore, to discover
molecular signatures associated with successful reprogram-
ming, we focused on the late maturation phase wherein a large
number of cells are competent to become transgene indepen-
dent after 2 days of Dox withdrawal. To further enhance resolu-
tion of the study, we performed a clonal analysis. For this, single
secondary MEFs were plated in individual wells of a 96-well
plate, transgenes were induced by Dox treatment, and the clonal
derivatives were cultured for 14 or 21 days. Interestingly,
removal of Dox at d14 led to an absence of surviving colonies
2 days after transgene withdrawal. This result was in line with
the transgene dependency observed in reprogramming popula-
tions of secondary cells (Figure 2A). In contrast, removal of Dox
at d21 revealed that about 50% of clones produced abundant
AP-positive colonies, whereas the rest yielded few or no colo-
nies. We refer to these two clone types as SC and SI, respec-
tively (Figure 2C). We employed automated image analysis of
AP-stained cultures to quantify the response to transgene
repression and determined that the AP-positive colony area
was 4- to over 100-fold greater in SC clones as compared to
SI clones (Figures 2D, 2E, and S3A). We also confirmed by
qPCR that equivalent levels of transgenes were expressed in
all clones and that Dox withdrawal led to an over 100-fold reduc-
tion in transgene expression within 24 hr (Figure S3B). Further-
more, analysis of the maturation-phase markers Nanog, endog-
enous Oct4, and Sall4 showed similar overall expression in SC
versus SI clones prior to Dox withdrawal, whereas Nanog and
Sall4 expression rapidly dropped in SI clones and slightly
increased in SC clones when Dox was removed, and the loss
ofOct4was less dramatic (Figure 2F). This confirms that compe-
tency to respond to transgene removal occurs downstream of
the expression of maturation pluripotency genes. Collectively,
our findings show that certain cells within the population acquire
competency to fully reprogram that is dependent on removal of
transgene expression late in the maturation phase.
The acquisition of competency in certain clones suggests that
successful reprogramming is dependent on a gene-expression
program acquired during the maturation phase. To identify this
signature, we employed RNA-seq to compare the expression
of coding genes in SC versus SI clones. For this, individual
clones were cultured in Dox up to d14, when no clones survived
transgene repression, or d21, when SC clones displayed robust
reprogramming. RNA was isolated from parallel cultures at each
time point prior to Dox removal, as well as 1 and 2 days after Dox
removal. For the SC clones, RNA was also collected from iPSCs
derived from those clones. We confirmed the pluripotency of
these iPSCs with aggregation chimeras, which revealed contri-
bution to all three germ layers (Figures S3C and S3D). Samples
were then grouped as either reprogramming competent (SC) or
not (SI), and RNA from four clones of each were subjected to
RNA-seq analysis (Figure 3A). Of note, the four SC clones failedI clones using the Celigo system, and the p value was calculated using a t test.
sence and absence of Dox are presented in (E). Scale bars represent 200 mm.
SC and four SI clones. mRNA from SC and SI clones cultured in the indicated
was quantified by RT-qPCR and is plotted as log2 of relative units. Feeders and
ed for d21 and d23; ns represents nonsignificant (p > 0.05) and * represents
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Figure 3. SC Clones Display an Altered Transcriptome
(A) Schematic of mRNA that was isolated for RNA-seq analysis.
(B) Pairwise comparison of the transcriptome of SC and SI clones. The samples from (A), as well as three samples of feeder mRNA, as indicated in the legend,
were analyzed by RNA-seq using Spearman’s rank correlation coefficient and are plotted as a heatmap matrix after unsupervised hierarchical clustering with
complete linkage. The dendrogram of the similarity relationship is shown beside the heatmapwith the threemajor groups highlighted in black, red, and green. The
color scale of correlation coefficients is depicted on right side.
(C) SC clones at d14 cocluster with SI clones at d14 and d21. A detailed view of the heatmap cluster of SI clones at d14 and d21 shows interspersed SC clones at
d14. See also Figure S4 and Table S1.
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tency by d21. This provides a powerful model to identify gene
signatures associated with competency by comparing expres-
sion profiles in the same clonal line. Pairwise comparison of774 Cell Stem Cell 11, 769–782, December 7, 2012 ª2012 Elsevier Inthe RNA-seq profiles by Spearman’s rank correlation and unsu-
pervised clustering revealed that all the clones displayed
dramatically different expression profiles when compared to
MEF feeder cells (Figure 3B; black branch of the dendrogram).c.
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21 days, SC clones withdrawn from Dox for 1 or 2 days, and
iPS derivatives of SC clones were most similar to each other
and were distinctly different from SI clones at any of the time
points (Figure 3B; red versus green branches of the dendro-
gram). Importantly, the gene-expression profile of SC clones
at d14, when the cells failed to survive transgene removal,
was similar to that of SI clones at either time point, and clus-
tering showed all these clones to be interspersed with each
other (Figure 3C). This indicates that both SC and SI clones
initiate similar gene-expression programs early in the maturation
phase but that the expression profile of SC clones evolves
further to establish a competent state for responding to trans-
gene removal.
We also compared SC clones cultured to late stages (d21
and d27) in Dox to their iPSC derivatives (Figure S4A). This re-
vealed two major clusters of genes up- or downregulated in
iPSC derivatives (1,029 and 1,071, respectively). Analysis of
each cluster using the Gene Ontology body index database re-
vealed that genes lost upon transgene removal correlated with
terminally differentiated tissues, whereas upregulated genes
were associated with ESCs, gonads, and gametes, consistent
with the cells acquiring a pluripotent state (Figure S4B). This
analysis refines the stabilization-phase signature we described
previously (Samavarchi-Tehrani et al., 2010) and shows
that major changes in gene expression associated with stabi-
lization are late events that occur subsequent to transgene
repression.
An Expression Signature Associated with
Reprogramming Competency
To characterize the expression signature associated with
competency for transit from the maturation phase to the stabi-
lization phase, we compared SC clones at d21 that survive
transgene repression and reprogram upon Dox withdrawal
with SI clones at d14 and d21 and SC clones at d14, all of
which do not survive transgene repression. Unsupervised clus-
tering revealed profound differences in the expression pattern
associated with competency (Figure 4A, left panel). To identify
the clusters enriched for upregulated genes in the SC signa-
ture, we calculated the fold change in expression by comparing
the SC d21 samples to SC d14 as well as SI d14 and d21
samples (Figure 4A, right panel). This highlighted four clusters
(a–d) of genes associated with SC cells that encompassed
a total of 2,267 genes. These broad differences at such a late
time during the reprogramming process prompted us to look
into the different gene-expression patterns. We observed that
genes that discriminate competent SC clones at d21 displayed
two distinct responses to Dox withdrawal (Figure 4B). Class 1
genes (such as Eras and Lefty2; Figure 4C) were induced
upon Dox withdrawal, whereas class 2 genes (such as Arid3b
and Sall1; Figure 4D) were minimally affected by Dox with-
drawal. Accordingly, the SPGs, which were shown above to
be induced upon transgene repression, are class 1 genes,
whereas class 2 genes that are not regulated by Dox with-
drawal are not associated with the stabilization phase per se.
These analyses collectively show a strong transcriptome signa-
ture associated with competency for transit to the stabilization
phase.CellRegulators of the Transition to the Stabilization Phase
versus Maintenance of Pluripotency
The SC signature is surprisingly broad for such a late stage in re-
programming, and even though pluripotency-associated SPGs
are in class 1, a multitude of other functional groups was also
identified, particularly in class 2 (Table S1). Therefore, to under-
stand what components of the SC profile are functionally impor-
tant for transition to the iPSC state compared to maintenance of
pluripotency, we generated a custom-made small interfering
RNA (siRNA) library that contained a selection of SC genes
representative of the two expression classes described above
(102 genes from class 1 and 103 genes from class 2). We also
included genes repressed by transgene removal, because they
might represent suppressors of transition from the maturation
to stabilization phase (39 genes). Finally, we incorporated plurip-
otency genes already acquired in the maturation phase (see Fig-
ure 1A) and genes that were found to regulate the initiation phase
of reprogramming, such as p53, Cdh1, or Crb3 (Samavarchi-
Tehrani et al., 2010), for a total of 275 siRNA (library details in
Table S2). For the transition screen, secondary MEFs were
cultured in the presence of Dox for 20 days, then transfected
with siRNA, and 24 hr later Doxwas removed (Figure 5A), leading
to rapid cessation of transgene expression (see Figure S3B). For
themaintenance screen, secondary iPSCswere transfectedwith
the same custom-made siRNA library. In both screens, 3 days
after transfection, cells were fixed and stained for Dppa4,
a marker of the stabilization phase, counterstained with DAPI,
and then subjected to automated image analysis using the
Celigo system for quantifying colony formation (Figure 5A).
Mock transfection or transfection with nontargeting (NT)
siRNA had no effect on the appearance of Dppa4-positive colo-
nies, whereas knockdown of Oct4 led to a strong reduction
(Figures 5B and 5C for images; Figures S5A and S5B for quanti-
fication). To screen for the regulators of the transition versus
maintenance, we performed two biological replicate screens in
duplicate for each, plotted the average Dppa4 colony area by
rank order, and identified hits using a cutoff parameter of 25%
area reduction compared to mock-transfected cultures. This
showed that out of 275 genes, knockdown of 31 genes reduced
the appearance of Dppa4-positive colonies in transitioning cells
(Figure 5D), whereas knockdown of 20 genes reduced the
appearance of Dppa4-positive colonies in iPSCs (Figure 5E).
To assess confidence in the screen results, we selected 24 hits
and examined expression of their targets after gene-specific
knockdown. This revealed that 21 of 24 siRNA pools reduced
themRNA level of their target genes (Table S3). To validate these
21 hits, we then screened the four individual siRNAs that make
up the pool in the primary library. Of the deconvolved siRNA
screen, 14 of 21 revealed inhibition of colony formation in two
or more siRNA duplexes and thus were considered of high confi-
dence, whereas for the remaining seven, only one of four indi-
vidual siRNAs gave a phenotype and was considered to be of
low confidence (Table S3). Thus, 67% of our primary screen
hits are of high confidence. Of note, we did not validate the
iPSC screen results, because of the 17 genes that reduced
Dppa4-positive colonies many have already been shown to be
key regulators of pluripotency maintenance (Table S3).
We next assessed which expression classes were repre-
sented by the transition regulators. Interestingly, of the 28Stem Cell 11, 769–782, December 7, 2012 ª2012 Elsevier Inc. 775
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Figure 4. The SC Signature
(A) The SC signature. To identify genes that are specifically expressed before Dox withdrawal andmark competency to transition frommaturation to stabilization,
SC-d21 RNA-seq samples were compared to SC-d14, SI-d14, and SI-d21 RNA-seq samples by gene and sample two-dimensional hierarchical clustering with
relative mean-centered gene expression presented as a green-black-red-colored heatmap (minimum to maximum, respectively). The dendrogram of the
similarity relationship of the samples is shown above the heatmap, and for each gene the fold change was calculated as the average of SC-d21 over the averages
of SC-d14, SI-d14, and SI-d21 samples and is presented as a bar graph next to the heatmap. This highlights four clusters (a, b, c, and d) with higher expression in
SC-d21 samples.
(B) Schematic of gene-expression classes. Class 1 genes are upregulated more than 2-fold in SC versus SI clones and further upregulated by at least 2-fold in
iPSCs. Class 2 genes are upregulated more than 2-fold in SC clones and stay relatively constant (less than a 2-fold change) upon Dox withdrawal.
(C and D) Examples of the two expression classes. Expression profiles of selected genes in SC and their iPSCs derivatives versus SI clones and feeders is shown
at the indicated times and culture conditions. Gene expression is presented as in (A).
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Late Regulators of Successful Reprogrammingregulators identified, 17 were class 2 and 5 were class 1 (Table
S3). Examples of class 2 genes important for transition to the
stabilization phase include Arid3b, a protein synergizing with
Mycn to control ESC proliferation (Figure 4D) (Kobayashi et al.,
2012), Morc1, a protein essential for spermatogenesis (Inoue
et al., 1999), and Mmrn2, a protein regulating the availability of
ligands in the extracellular matrix (Lorenzon et al., 2012) (Figures
5F and S5C). Of note, these genes were elevated in SC clones at
d21, but not d14. In contrast to regulators of transition, wherein
class 2 genes predominated, the gene-expression classes were
equally represented in iPSCs (7 from class 1 and 7 from class 2,
Table S3). Of the enhancer genes required for pluripotency,
many well-described regulators of ESC self-renewal were iden-
tified (Sox2, Nanog, Oct4, Essrb1, Klf2, Klf5, Dppa2, and Gdf3).
For example,Klf5 andDppa2 are important for ESCmaintenance
(Du et al., 2010; Ema et al., 2008) and are class 1 genes, consis-
tent with this class potentially reflecting pluripotency factors
rather than specific regulators of transition (Figures 5G and
S5D). These results highlight regulatory networks associated
with the maintenance of pluripotency and underline functionally
important genes in the stabilization phase.
Transition and Maintenance are under the Control of
Distinct Regulatory Networks
The independent screens described above suggested that
distinct regulatory networks control transition to stabilization
versus maintenance of pluripotency. To examine this in more
detail, we overlapped the results from the two screens (Fig-
ure 6A), and this revealed that only 7 of 37 genes were shared,
being important for transition and maintenance (Figure 6A,
Venn diagram, orange). When we examined regulators of transi-
tion versus maintenance, we observed that genes selective for
transition were predominantly class 2 genes (i.e., insensitive to
Dox withdrawal) (Figure 6B). This reinforces the notion that tran-
sition to transgene independence is regulated by pathways not
associated with pluripotency per se. In contrast, class 1 genes,
which are regulated by Dox withdrawal, tended to be associated
with iPSC maintenance, consistent with this class representing
SPGs and components of the pluripotency network. Further-
more, when we examined class 1 genes that functioned as tran-
sitional regulators, they also regulated maintenance. These
results suggest that transition to stabilization and the mainte-
nance of pluripotency are regulated by distinct molecular
mechanisms.
We next investigated the relationship between these
genes using a bioinformatics-assisted approach: GeneMANIA
(Warde-Farley et al., 2010). In GeneMANIA, physical interac-
tions, predicted interactions, shared protein domains, genetic
interactions, and coexpression are weighted, combined, and
drawn as edges with the thickness and darkness representing
the confidence of each interaction. It is important to note that
most of the presented interactions between functionally impor-
tant genes identified in the transition and maintenance screens
reflected only coexpression (thin gray lines) rather than physical
interactions (thick black lines) (Figure 6A). However, Oct4 clearly
has a key central role, regulating both reprogramming and main-
tenance while physically interacting with selective enhancers of
transitioning cells (yellow), iPSCs maintenance (brown), and
common regulators (orange) (Figure 6A). We then comparedCellfunctional grouping of these genes. This revealed that transcrip-
tional regulators were major regulators of both screens, consis-
tent with the profound rewiring of the transcriptome required for
proper reprogramming. However, distinct transcriptional regula-
tors were associated with either screen. For example, Klf4 and
Myc are important for transition, but not maintenance. In these
cases, functional substitution by Klf2 and Klf5, orMycn, respec-
tively, all of which are class 1 genes upregulated during transi-
tion, may provide redundancy in iPSCs (Ema et al., 2008; Hall
et al., 2009; Smith et al., 2010a).
Analysis of regulators of transition revealed additional func-
tional groups that are minimally represented in iPSC mainte-
nance (Figure 6C). Themost striking group is signaling pathways.
Interestingly, of the few common regulators in this group, we
identified the glial cell line-derived neurotrophic factor (GDNF)/
RET pathway (Nrtn, GDNF cytokine family member) and Kif26a
(essential for RET signaling), which has not previously been
associated with reprogramming or pluripotency maintenance
(Airaksinen et al., 2006; Zhou et al., 2009). In addition to
signaling, transition-enriched functional groups included cyto-
skeletal dynamics (Tuba3a, Pdzk1, Itgb7, and Kirrel2), gonads
and gametes, and cell cycle. Particularly intriguing were genes
associated with meiosis and chromosomal stability (Mnd1,
Mutyh, and Rad54b). Altogether, these results reveal that
successful transition to the stabilization phase upon OKMSwith-
drawal late in reprogramming requires regulatory pathways
distinct from those controlling ESC pluripotency. We propose
that transition to and execution of the stabilization phase is crit-
ical for establishing the pluripotency maintenance network that
subsequently sustains the growth and self-renewal of iPSCs.
DISCUSSION
Since the discovery of somatic cell reprogramming, an unprece-
dented way to understand the molecular mechanisms governing
cell fate choice has been embodied in the identification of
sequential steps required for establishment of the pluripotent
state. Early work demonstrated that AP expression is gained
early, before SSEA1, and then followed by endogenous Oct4
and Nanog expression (Brambrink et al., 2008), with the latter
assumed to reflect acquisition of the final pluripotent iPSC state
(Hanna et al., 2009; Silva et al., 2009). Temporal expression
profiling of reprogramming cells has further confirmed the notion
that reprogramming is phased (Figure 6A). In particular, MET,
regulated by BMP-Smad signaling and the reprogramming
factor Klf4, was identified as one of the first events in reprogram-
ming (Li et al., 2010; Samavarchi-Tehrani et al., 2010; Smith
et al., 2010b). Early MET is required for cells to progress into
a second phase, termed maturation, that is characterized by
expression of a subset of pluripotency markers that includes
Nanog, Sall4, and endogenous Oct4 (Samavarchi-Tehrani
et al., 2010). However, it is not until the late stabilization phase
that the full pluripotency regulatory network is expressed, with
endogenous Sox2 expression being a notable late event. Here,
we investigated these latter stages and found that repression
of OKMS transgenes, long recognized to be an important event
in reprogramming (Okita et al., 2007), acts to release the stabili-
zation phase and allow full expression of the pluripotency
network. Through clonal analysis, we show that certain cellsStem Cell 11, 769–782, December 7, 2012 ª2012 Elsevier Inc. 777
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Figure 5. Genes Regulating Transition to the Stabilization Phase and Maintenance of Pluripotency
(A) Schematic of the functional siRNA screen used to identify regulators of the transition between the maturation and stabilization phases versus regulators of
pluripotency maintenance. See Supplemental Information for screen details.
(B and C) Representative Celigo images are shown of Dppa4- and DAPI-stained colonies identified by automated image analysis frommock-, siNT-, and siRNA-
Oct4-treated cultures, for the transition screen (B) and the pluripotency-maintenance screen (C).
(D and E) Results of the siRNA screen. The siRNA screens were performed in quadruplicate (two biological replicates, done in duplicate), and the Dppa4 area
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(B) Distribution of gene-expression classes in regulators of transition versus maintenance. The number of class 1 and 2 genes (white and gray, respectively) that
are present in the regulators of transition, maintenance, or both processes is plotted as a bar graph.
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Late Regulators of Successful Reprogrammingwithin the population gain competency late in maturation to
successfully respond to transgene removal and become plurip-
otent. Moreover, we identified gene-expression signatures asso-
ciated with competency and, with functional genomics strate-NT, and Oct4 siRNAs are shown as gray dots, whereas enhancers of transition (D)
Klf5 are shown as green dots.
(F and G) Expression profiles of representative regulators of the transition to stabi
See also Figure S5 and Tables S2 and S3.
Cellgies, defined distinct regulatory networks that govern late-
stage transition to pluripotency versus maintenance.
Our profiling of expression throughout reprogramming
demonstrates that pluripotency genes associated with thesuch asMmrn2 andMorc1 or pluripotencymaintenance (E) such as Dppa2 and
lization (F) or pluripotency maintenance (G) are plotted as in Figures 4C and 4D.
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phase but are suppressed by the OKMS transgenes. A large
number of so-called SPGs parallel this behavior, indicating that
transgenes broadly, rather than pluripotency genes specifically,
inhibit the final phase of reprogramming. This provides a mecha-
nistic understanding of why transgene silencing is required for
reprogramming and correlates with the observation that overex-
pression of Oct4 is detrimental for pluripotency (Niwa et al.,
2000). Our clonal analysis further revealed that in individual re-
programming MEFs, some clones gained competency (SC) for
pluripotency and some did not (SI). Comparison of the expres-
sion profiles of these SI and SC clones allowed us to identify
two classes of expression patterns associated with stabilization
competency. Class 1 incorporates SPGs that are upregulated
upon transgene removal, whereas class 2 genes are maximally
expressed before transgene withdrawal. Interestingly, analysis
of Nanog, Sall4, or endogenous Oct4 revealed that they were
nondiscriminative between the SC and SI clones, consistent
with their expression early in the maturation phase. This indi-
cates that although Nanog is required for reprogramming, there
are additional downstream regulatory events necessary for
acquisition of the competent state.
We also evaluated the functional importance of the SC signa-
ture through siRNA-mediated knockdown. This revealed 28
enhancers of the maturation-to-stabilization transition. Interest-
ingly, the majority of these regulators have not typically been
associated with ESC pluripotency, and in our parallel screen
for maintenance of pluripotency, few of them showed function.
For example, specific signaling pathways are important in transi-
tioning cells and genes associated with cytoskeletal remodeling,
and chromosome organization and segregation are new biolog-
ical functions identified here as important for reprogramming.
These findings suggest that nonpluripotency regulatory
networks are critical at this late stage for successful reprogram-
ming, but play a minimal role in maintaining pluripotency.
Consistent with this, when we analyzed gene-expression signa-
tures of transition regulators, we observed the majority were
class 2, which showminimal regulation by transgene withdrawal.
Class 2 genes, which have diverse biological functions, may thus
reflect genes that are important for establishing competency for
transition. Indeed, when we examined genes important for iPSC
maintenance, we found poor overlap with transitional regulators,
relatively fewer class 2 genes, and an abundance of well-
described regulators of pluripotency. Comparative analysis
thus identifies distinct regulatory networks governing transition
versus maintenance of pluripotency.
Our use of a regulated system in which transgenes can be
turned on or off by Dox further allowed us to explore the require-
ment for transgene expression at distinct phases during reprog-
ramming. Our previous analysis of initiation, which is dominated
by MET, showed that repression of transgenes by removal of
Dox led to rapid reversion to the parental fibroblast state (Sama-
varchi-Tehrani et al., 2010). This is consistent with the dynamics
of MET versus epithelial-to-mesenchymal transition (EMT)
observed in a variety of biological systems (Thiery et al., 2009).
In contrast, we here found that once reprogramming cells enter
maturation, they become dependent on OKMS transgenes for
growth. However, such analyses of the reprogramming popula-
tions cannot rule out the possibility that it is actually a very small780 Cell Stem Cell 11, 769–782, December 7, 2012 ª2012 Elsevier Innumber of elite cells in the population that eventually give rise to
the pluripotent cells emerging upon transgene withdrawal (Ya-
manaka, 2009). Therefore, we switched to a clonal analysis,
which definitively showed that all clonal derivatives of individual
MEF cells are transgene-dependent at mid-maturation, with
a subset progressing to become competent for efficiently re-
sponding to transgene removal and acquiring pluripotency.
Interestingly, expression profiling further showed that at d14 all
clonal populations were most similar to each other, whether or
not they went on to acquire competency. Furthermore, although
the expression profile of SI clones did not significantly alter by
d21, SC clones underwent broad changes in gene expression
that readily distinguished competent versus incompetent cells.
These findings suggest that competency to reprogram is not
associated with individual cells at the initiation of reprogramming
but rather is acquired late in the reprogramming process. Re-
programming thus involves a temporal organization of cellular
and transcriptional events that collaborate to establish
pluripotency.
Interestingly, while this paper was in revision, Buganim et al.
(2012) published a related study using clonal secondary fibro-
blast reprogramming coupled to single-cell expression profiling.
Similarly to our previous studies (Samavarchi-Tehrani et al.,
2010) reinforced here, they found that pluripotency-associated
genes displayed distinct expression kinetics. For example,
they showed that there is an early phase (corresponding to our
initiation phase) in which epithelial factors are expressed prior
to the onset of pluripotency factors. This is followed by Sall4
and then Esrrb during the maturation phase and later by Sox2
during the stabilization phase. Their distinct gene-expression
profiles characterized in their viral reprogramming model thus
correspond to the initiation, maturation, and stabilization phases
characterized using the piggyBac system. Thus, successful tran-
sitioning of a hierarchical, phased gene expression is probably
a fundamental feature of somatic cell reprogramming. It would
be interesting to determine whether nuclear reprogramming
can bypass the requirement for this program.
Our study highlights the functional relevance of genes ex-
pressed late during the maturation phase, in accordance with
the importance of sequential events for reprogramming. Along
with our previous analysis of the initiation phase, our three func-
tional screens now clearly demonstrate that distinct phases
occur during somatic cell reprogramming and that these phases
are regulated by distinct molecular pathways. These studies also
point out that pluripotency-associated genes are differentially
expressed during reprogramming: a first group (Nanog, Sall4,
and endogenous Oct4) is expressed early during reprogram-
ming, whereas the second SPG group is expressed much later
and is suppressed by the transgenes. This is particularly
intriguing because all these genes are thought to be regulated
by a similar network of transcription factors (Young, 2011).
How regulation of the pluripotency network is thus segregated
between maturation and stabilization is an interesting area for
future study. Somatic cell reprogramming is a phased process
in which successful acquisition of pluripotency requires
successful, sequential traverse of multiple gateways. Accord-
ingly, late gateways are better predictors of the outcome than
early ones (Buganim et al., 2012). Failure to transition through
any of these gateways leads to failure of reprogramming,c.
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Late Regulators of Successful Reprogrammingprobably accounting for the overall poor efficiency (Yamanaka,
2012). Although our current studies did not address the mecha-
nistic underpinnings that dictate why not all cells become
competent, understanding where the gateways exist and how
they can be more efficiently traversed promises to significantly
facilitate more efficient and safer reprogramming for disease
modeling and regenerative medicine.
EXPERIMENTAL PROCEDURES
Cell Culture, Cell Staining, and Animal Work
Secondary reprogramming cells were cultured in mESC conditions, and
OKMS transgenes were induced using 1.5 mg/ml Dox, as detailed in the
Supplemental Information. All immunofluorescence images were acquired
by epifluorescence imaging, except in Figure 1. Detailed protocols are
described in the Supplemental Information. The imaging and image analysis
were performed using Volocity software (Improvision) and Celigo (Cyntellect).
All animal work was conducted with the approval of the Animal Care
Committee of the Toronto Center for Phenogenomics.
RNA-Seq Analysis and Computational Analysis
RNA was isolated from secondary clonal derivatives at the indicated time
points, and high-throughput sequencing was performed using the Illumina
HiSeq 2000 at the Samuel Lunenfeld Research Institute (SLRI) sequencing
facility; detailed protocols are available in Supplemental Information. RNA-
seq data is presented in Table S1 and is available online at the Gene Expres-
sion Omnibus (GEO) website. MATLAB (MathWorks), Cluster 3.0, and Java
TreeView were used for data centering, hierarchical clustering, and data visu-
alization. Network analysis was performed with GeneMANIA (Warde-Farley
et al., 2010) and Cytoscape (Smoot et al., 2011).
siRNA Screening
For RNAi-mediated knockdown, siRNAs (Dharmacon) were used at 40 nM.
Cells were transfected with RNAiMAX (Life Technologies). For the RNAi
screen, siRNAs (Dharmacon) targeting 275 distinct genes (Table S2) were
custom arrayed on 96-well plates. Secondary cells in Dox (transition screen)
or iPSC (maintenance screen) were seeded on feeders and mixed with siRNA
in RNAiMAX/Opti-MEM. Media was changed to mESC medium for the next
2 days before fixing and staining for Dppa4 and DAPI as detailed in the
Supplemental Information. Mock siRNA, NT siRNA, and siRNA-Oct4 were
included on every plate as controls. Once stained, four fields of individual
wells, which covered most of the well, were imaged using a Celigo auto-
mated high-content screening microscope using a 43 objective. Images
were quantitated using the ‘‘Confluence’’ program from Celigo. All transfec-
tions and manipulations of the cells in the screen were performed in the SLRI
Simple Modular Assay & Robotic Technology facility (http://robotics.
lunenfeld.ca/).
FACS, Immunoblotting, and RT-qPCR
Immunoblotting and staining for FACS were performed using commercially
available antibodies as detailed in the Supplemental Information. For FACS
analysis, cells were stained for Dppa4 and analyzed on aGallios system (Beck-
man). For RT-qPCR analysis, total RNA was extracted and absolute RT-qPCR
was performed. Primers and detailed protocols are available in the Supple-
mental Information.
Statistical Analysis and Replicates
All data presented are representative of at least three independent experi-
ments that yielded similar results. Statistical analyses were performed using
Prism software (GraphPad).
ACCESSION NUMBERS
The GEO accession number for the RNA-seq data reported in this paper is
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mental Experimental Procedures and can be found with this article online at
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